Abstract. In this work we present a hydrodynamic-type model in order to study dark matter halos of galaxies. We start with the Einstein-Hilbert Lagrangian in which we have added a complex scalar field minimally coupled to the geometry. We consider that dark matter halos is well described in the Newtonian limit of this theory. This set of equations can be written in the form of Euler equations for a fluid by making a transformation, where the self-interaction potential of the fluid and a quantumlike potential is present. We study the Jeans' instability of the fluid which gives a limit for the unstable halos and is a way for computing the mass of the scalar field.
INTRODUCTION
During the last decades we have witnessed a revolution of the human knowledge due to the appearance of two fundamental questions in modern cosmology, both related to structure formation in the Universe. One is the dark matter problem and the other is the dark energy problem. The former was made evident from several observations, in particular, from measurements of the rotation curve of spiral galaxies where the visible matter content is not enough to account for the observed rotation curves of the stars or of the gas particles in the galaxies outskirts. In this work, we will talk about dark matter. We consider a dark matter model based on using a scalar field non-minimally coupled to the geometry. In particular the model will be of hydrodynamic type in the sense that in the Newtonian limit of the field and scalar field equations will be transformed in such a way that they have the form of the Euler equations of hydrodynamics. In this form it will be easy to analyse the scalar field dark matter model by following the standard Jeans' instability analyisis and to obtain the mass of the scalar field. This paper is organized as follows. In the first section we present the scalar field dark matter model and its equation of motion in the Newtonian version. In the second section the hydrodynamical formulation of this model is discussed. In the third section we obtain a criterion for the instability of halos of scalar dark matter using the Jeans' instability for the gravitational collapse of protostellar gas [1] and we calculate the mass of the scalar field. Finally, the conclusions are presented.
THEORETICAL FRAMEWORK
Our hydrodynamical dark matter model is constructed with the Einstein-Hilbert action,
where κ is a constant used to recover the Newtonian limit, g = det(g µν ) is the determinant of the spacetime metric g µν , R is the Ricci curvature scalar. The first term in equation (1) gives the usual Einstein field equations of general relativity in vacuum. The second term in the equation above is the matter term responsible to curve the spacetime. In our case we will take the Lagrangian density associated to a complex scalar field given by
where ∇ µ is the covariant derivative compatible with the spacetime metric, γ is a constant, m is the scalar field mass and c is the speed of light. The first term in (2) is the kinetic term and the second is the contribution of the scalar field potential given by V (φ ) = (1/2)m 2 c 2 φ φ * . The equation of motion for the spacetime are the Einstein' equations and for the scalar field is the Klein-Gordon equation. In the Newtonian limit this set of equations is the so-called Schrödinger-Poisson system (SP) given by
where ψ is the Newtonian approximation of the complex scalar field φ , U is gravitational potential due to the source m 2 ψψ * . Studies of this system can be seen in [2, 3, 4] .
SCALAR FIELD HYDRODYNAMIC MODEL
We take as a motivation the hydrodynamical formulation of the Schrödinger equation of quantum mechanics as was given by Madelung [5] and de Broglie [6] , we will express (4) in a representation of hydrodynamic type. Using the Madelung transformation [5] ψ = R( r,t)e iS( r,t) ,
where R y S are real functions into (4), we obtain the hydrodynamic formulation of the SP equations
where we have defined the field variables
These equations indicate that the time evolution of the field ψ( r,t) is equivalent to flux of a "fluid" of density ρ( r,t) where its particles of mass m are moving with a velocity v( r,t) under the action of a force derived from an gravitational potential U( r,t) plus an additional force due to a potential similar to the one whose origin is of quantum nature, Q( r,t), that depends on the density of the fluid [5, 7, 8] defined as
We should mention that the "fluid" described by (6)- (8) has an essential difference with respect to a ordinary fluid: In a rotational movement, v decreases when the distance to the center decreases and vice versa. This is due to
with n = 0, ±1, ±2, . . .. By analyzing the structure of the equations we realize that if we do not have a pressure term then we may think that we are dealing with a constant "equation of state". In the literature when p = 0 is said that the system is of dust type, and although is not realist, it is a good approximation to model some real special systems [9, 10] . However, given that the force of quantum type is opposing to the selfgravitational force we can think that it is due to an effective pressure of the fluid an express it as
where p q = 0 plays the role of an equation of state.
JEANS' INSTABILITY
In this section we present the instability analysis of the Schrödinger-Poisson system in its hydrodynamic form. This analysis is based on the study of the Jeans' instability for the gravitational collapse of protostellar gas [1] . In order to study that it is necessary to linearize the hydrodynamic system of equations (6)- (8) and look for solutions in the plane wave form. After that we obtain the dispertion relationship
where ρ 0 is the density of the background spacetime, k is the magnitud of the wave vector. This relationship is analogous to the one that Jeans found [1] , the difference is in the quantum potential which raises the magnitude of the wave vector to the 4th power. For instable solution we have ω 2 < 0, that implies
where we are defined the Jeans' wave length λ J . Then, for wave lengths larger than the Jeans' wave length we have that perturbations increase or decrease exponentially. The characteristic scale time for the evolution of these amplitudes is defined as
For scales λ λ J , the characteristic time τ is the same as the collapse time for free fall (the collapse time of a system under the action of its own gravity in the absence of opposing forces), τ f f ≈ (Gρ 0 ) −1/2 , but when λ −→ λ J , this time diverges.
We define the Jeans's mass as the mass that it is contained in a sphere of radius λ J /2 and mean density ρ 0 , i. e.,
The Jeans' mass is the minimum mass for a perturbation needs in order to grow up. In Sikivie and Yang [11] , the cosmological case of a model of axions as a dark matter model is considered. They also used a scalar field as we do. The conclusion of this work is that this model is different to the Cold Dark Matter (CDM) model in the nonlinear regime of structure formation, and these two theories differ in the quantum potential.
Scalar field mass estimation
From equation (15) and taking the value γ ∼h we can make an estimation of order of magnitude of the scalar field mass.
According to the standard theory of structure formation, a value for the Jeans' length λ J can be fixed for the epoch in which matter and radiation were equal, when a 1/3200. In that time, ρ 3×10 10 M a −3 /Mpc 3 [12] , and the Jeans' length ∼ O(10 2 ) pc [13] . Here M = 1.9891 × 10 30 Kg is the mass of the sun. Then, taking the density ρ 0 ∼ 10 −14 Kg/m 3 and λ J ∼ 10 2 pc we have m ∼ 10 −57 Kg. In units of eV/c 2 the mass is m ∼ 10 −22 eV/c 2 . Therefore, with the computation of the Jeans' instability, we obtain that the mass of the scalar field is ∼ 10 −22 eV/c 2 , a result also obtained in [14, 15] . From the Jeans' mass definition we finally obtain M J ∼ 10 10 M .
CONCLUSIONS
We have shown how a hydrodynamic model can be build to study the dark matter component of the Universe. Starting with the Einstein-Hilbert action where a term which contains a complex scalar field is added, we make the Newtonian limit to arrive to SP equations. If in addition, we use the Madelung transformation, this set of equations can be further transformed to a set of partial differential equations similar to the Euler equations of the hydrodynamics. Finaly, we used known standard techniques to analyze astrophysical fluids such as the Jeans' instability method which we have used to determine the mass of the scalar field. The value we have obtained for the mass is consistent with values obtained using other methods [14, 15] .
